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a  b  s t  r  a c t

An  oxidation resistance study  has been  made  on Nb-Cr-V-W-Ta high entropy  alloy  in  a  range  of temper-

ature  from  600 to 1400 ◦C in air. Static oxidation  study  has  been  performed for  either (a)  12  or  24  h  of

heating  time or (b)  3  or  10 ◦C/min  heating rates  to  the desired oxidation temperature.  Cyclic oxidation

study conducted  for  three  and a half days  has been conducted  at  600,  700, and  800 ◦C  using 12  h  of  heat-

ing  cycles.  The alloy  can withstand  the cyclic  oxidation process  with only a reasonable  loss  of  alloy. The

identification of  oxides  indicates crystals  of  W  and Ta oxides  in  cylindrical  form  while  Nb and  Cr oxides

show  a  nodular or  granular morphology  at both 1000  and 1200 ◦C while  and additional  of  oxide of  V in

whisker  forms  at  1200 ◦C.
© 2019  Published  by  Elsevier Ltd on  behalf of  The editorial  office  of  Journal  of Materials  Science  &

Technology.

1. Introduction

A new class of  alloys, called high entropy alloy (HEA), have

emerged very recently. HEA is defined as  a system containing a min-

imum of five elements in equiatomic proportion.  Attempts are being

made to evolve a  high temperature alloy to replace the conven-

tionally used nickel based superalloy. The multicomponent system

can make use of many strengthening mechanisms and provide the

necessary ductility as  well. The source of ductility is the presence

of solid solution phase/phases.

Significant advances have been made in the study of HEAs even

though the technology is barely a little over a decade old. Numer-

ous reviews can be found in the literature [1–5]. There are attempts

being made to evolve medium entropy alloys containing 3 or 4 ele-

ments [6] making them as the medium entropy alloys. The presence

of a single phase in the alloy due to high configurational entropy

is the desirable micro-constituent compared to  the intermetallics

in some of the high temperature alloys [7,8]. Restrictions of hav-

ing five elements in equiatomic proportions is being to  modified

to  include minor additions other elements as well [9]. Miracle and

Senkov [4]  point out to  the multi-principal element alloys (MEPAs)

and complex concentrated alloys (CCAs). The main premise of the

HEAs is to produce single phase alloys providing ductility compared
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to the alloys containing intermetallic compounds [8–10]. The 4 fac-

tors controlling the uniqueness of HEAs include (a) high entropy, (b)

diffusional effects, (c) lattice distortions, and (d)  properties are not

controlled by the components alone. FCC and  BCC phases appear to

be much more common in HEAs than HCP phases [2].

The yield strength of Nb25Mo25Ta25W25 alloy has been deter-

mined [11]  from room temperature to 1600 ◦C.  The strength drops

from low to high temperature ranges from about approximately

1050 to 450 MPa  while V addition results in the shift from about

1200 to 450 MPa. It must be noted that alloy has elements with only

BCC structures. The high temperature capability, both in terms of

retaining high strength and enhanced oxidation resistance, is one

of the main reason of exploring HEAs.

The research on refractory metal properties of HEAs has been

performed by Senkov and his group [11–16]. The rule of mix-

tures cannot be applied to the experimental values that have been

observed to be 5250 and 3826 MPa  respectively which are three

times higher than predicted by rule of mixtures [11,13,16]. Authors

use atomic size and moduli differences for the elements to explain

the discrepancy. However, 50% under compression without frac-

ture is a  strong evidence for reasonably good ductility [17–19]

HfNbTaTiZr for MoNbTaVW alloys. Microstructural details show

the deformation twinning appears to control such ductility in these

alloys.

Microstructural stability at  elevated temperatures is required

property for high temperature applications. It must be noted that

HEAs are capable of maintaining high hardness or strength in a

https://doi.org/10.1016/j.jmst.2019.09.005

1005-0302/© 2019 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & Technology.



190 S.K. Varma et al. / Journal of Materials Science &  Technology 38 (2020) 189–196

Fig. 1. Microstructure of as  received Nb-Cr-V-W-Ta HEA.  Table shows the overall composition of the alloy as  determined by the  EDS in SEM. EDS analysis also shows the

compositions of the phases at  points marked 1  through 5. Color x-ray mapping identifies the locations of dominant metals in various phases.

high temperature range like AlCoCr2FeMo0.5Ni while Inconel 718

softens at 800 ◦C and SKH51 and SUJ2 soften at  600 and 200 ◦C

respectively [20,21]. High temperature stability of high entropy

alloys have been attributed to two important thermodynamic fea-

tures: (a) sluggish diffusion through multi component elements

slows the diffusion rate and (b) defects show high stability due

to reduction in driving force. Lattice distortion to accommodate

many kinds of atoms in unit cells lowers the free energy of  the

alloys for crystals containing defects. Activation energy for grain

growth in CoCrFeMnNi alloys was  found to be 321 kJ/mole which
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is twice the value for AISI 304 L  N steel [22]. This difference can be

held responsible for slowing down of the kinetics. High entropies

of these alloys also can be held responsible for the resistance to

precipitate coarsening. Very small precipitates have been observed

from 10 to 100 nm [23,24]  for this reason. Thus lowering of the driv-

ing force and sluggish diffusion rates contribute significantly to the

microstructural stability of these alloys at elevated temperatures

as  pointed out earlier in the core effects discussion.

There are not many studies that have been performed to evalu-

ate the oxidation resistance, under different atmospheres, of these

alloys under both static and cyclic heating conditions. Senkov et al.

[8] have observed the oxidation behavior of NbCrMo0.5Ta0.5TiZr

alloy in flowing air. NbCrMo0.5Ta0.5TiZr alloy was oxidized at  1273 K

for 100 h in flowing air and the instead of  a typical parabolic oxida-

tion curve between weight gain per unit area as a function of time

they observed an exponent of  0.6 to the time scale. Another impor-

tant factor observed included the formation of complex oxides but

the oxidation layer was confined to  a  small depth in the alloy. Once

again signifying the importance of  sluggish diffusion exhibited by

HEAs. It must be noted that the alloy contained BCC1, BCC2 and

FCC Laves phases in their unoxidized condition and reported val-

ues for their volume fractions were 67, 16 and 17% respectively.

Although the oxidation layer was found to be nearly 150 �m thick

but the oxygen concentration near the surface abruptly drops to

zero in much smaller distance increment. Similarly, the elemen-

tal distributions in the parent metal was  minimally affected and

were limited to nm range. The authors concluded that the consid-

eration of HEAs for refractory metals is necessary because present

investigations were based on alloys that are brittle at room tem-

perature, oxidation resistance has been confined to below 1000 ◦C

and possess high densities.

Prior to 2009, the pioneer work was  performed on oxidation

resistance in Nb and Mo  based alloys [25–27].  However, the rel-

atively new technology developed by Yeh et al. [28,29] led to  the

multicomponent system alloys and oxidation resistance is being

a  subject of exploration by Senkov group since then. Thus far

HEAs that have been considered for oxidation resistance include

elements like Nb, Ta, Hf, Ti,  Zr, Mo,  Cr, V, W in various combina-

tions. Reduced number of  microconstituents containing multiple

elements may  be a key to  developing a new class of Nb based high

oxidation resistant alloys. The purpose of this paper is to present the

results of oxidation of Nb-Cr-V-W-Ta HEA alloy in air up to 1400 ◦C.

Fig. 2. Cyclic oxidation curves of Nb-Cr-V-W-Ta HEA at 600, 700, and 800 ◦C. each cycle is  for 12 h  of heating. Thus the number of cycles can be converted to heating time.

Fig. 3. Samples after 1  through 6  cycles of heating for 12 h  at  600, 700, and 800 ◦C.  Samples are also shown for static heating at  600 and 800 ◦C for 12 and 24  h. Oxide growth

at  800 ◦C is conspicuous.
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Fig. 4. Static oxidation curves of Nb-Cr-V-W-Ta HEA from 600 to1400 ◦C  for 12  and 24  h.

Fig. 5. Static oxidation curves of Nb-Cr-V-W-Ta HEA from 600 to1400 ◦C at  heating rates  of 3  and 10 ◦C to the oxidation temperature. Each heating cycle was  for a 24 h

duration.

Table 1

Composition of the Trace Elements in Nb-Cr-V-W-Ta HEA in PPM.

Element PPM Element PPM Element PPM

Fe 89.8 Si 15.1 Ni 12.6

Mo  13 Ti <10 Mn <10

Cu  15.6 Ca <10 Sn 10

Al  13.4 Mg 10 P 15

Pb <10 As <10 Bi <10

Sb  <10 K 28.3 Na 78.9

2. Experimental

Nb-Cr-V-W-Ta HEA in equiatomic proportion was fabricated by

Plasma Materials in California (USA). Alloys were prepared using

pure metals of at least 3  nines purity. Samples were cut into 5  × 5x5

cubes using electrical discharge machining (EDM). The composi-

tions of the trace elements provided by the manufacturer is shown

in Table 1.

Static and cyclic oxidation study was conducted in a SentroTech

furnace with a computer controlled heating and cooling cycle capa-

bility. A heating rate of 3  or 10 ◦C/min was  used while the samples

were furnace cooled to room temperature. Each heating for the

oxidation was  executed for either 12 or 24 h at the selected tem-

perature.

Conventional metallographic procedure was used to determine

the microstructure. A final 600 grit polishing produced optimum

results for observing the microstructures in an SEM. Back scattered

electron imaging technique was used in a  Hitachi SU 3500 SEM

to characterize the microstructures, EDS for composition analysis,

and x-ray color mapping allowed the identification for the location

of the various elements in the phases. Oxidation products were

characterized using a Bruker D8  Discovery using JCPD data.

3. Results and  discussion

3.1. As received sample microstructures

The microstructure of the as received (AR) or fabricated sample

is shown in Fig. 1.  The overall composition of the alloy as  deter-

mined by EDS can be seen to have the five metals of this study

in almost equiatomic proportion as shown by the EDS results in

Fig. 1. However, a multiphase microstructure can be seen in the AR
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Fig. 6. Samples after oxidation in a  range  of temperatures from 600 to 1400 ◦C at a heating rate of 3 ◦C/min to the oxidation temperature. Figure shows the shapes of the

samples  after oxidation for 12 and 24  h  at  the indicated temperatures. a =600 ◦C, b  =800 ◦C, c =900 ◦C, d =1000 ◦C,  e  =1200 ◦C, f =1400 ◦C.

samples of this study. Five areas have been marked in Fig. 1 cor-

responding to their morphological and compositional differences.

The large globules have been shown to contain a W rich phase with,

perhaps, Cr and V in solid solutions. Black areas, in small amounts,

have been marked as 3  and EDS allows us  to identify them as VTa2,

the Laves phase intermetallic compound. The presence of  this com-

pound can be verified by any standard V-Ta binary phase diagram.

Cloudy or shaded phases can be seen as 2 and 4  areas depending

upon their darkness. The compositional analysis in the light cloudy

areas are Nb rich (area 4) while the dark areas (area 2) are V-rich. A

binary Nb-V phase diagram (from any Standard Metals Handbook)

shows the presence of a  miscibility gap between them at lower

temperatures. Thus it can be concluded that the cloudy microcon-

stituents are mixtures of two phases, either Nb or V-rich. Another

distinctly different area has been marked as 5  which the authors

attribute them to be a mixture of the Laves phase (VTa2) and a

solid solution of Cr-Ta in a more or less grainy morphological form

(gray area). The EDS confirms such observations. Overall, the HEA

of this present study contains:

a Area 1 – large white areas consisting of a solid solution of  Cr  and

V in W.

b Area 2 – dark cloudy area is  a V-rich phase which is  a  part of

miscibility gap structure.

c Area 3 – black areas are Laves Phase, VTa2.

d Area 4 - light cloudy area is a Nb-rich phase which is a part of

miscibility gap structure.

e Area 5 – Gray or grainy structure which is  a mixture of Laves

phase and a Cr-Ta solid solution.

3.2. Cyclic oxidation

Cyclic oxidation was performed by subjecting the alloy to  var-

ious number of  cycles of 12  h at  600, 700 and 800 ◦C. Fig. 2  shows

that the mass gain per unit surface area of the alloy increases mono-

tonically up to 6 cycles or three days. The continuous curves shown

at 3 selected temperatures clearly indicate there is no cross over

meaning that, perhaps, oxidation mechanism is the same at these

temperatures. Thus the HEA is capable of  sustaining temperatures

up  to 800 ◦C for three days in a cyclic heating mode. Physical shape

of the samples can be readily seen in Fig. 3 after each cycle at  the

three oxidation temperatures of this study. The oxide growth at

800 ◦C can be easily seen after only one cycle even at the macro

level. However, the oxidation at  600 and 700 ◦C appears to  be quite

reasonable in the sense that the development of an oxide-metal

interface is quite apparent. The samples after static oxidation for

12 and 24 h at both 600 and 800 ◦C have been presented in Fig.  3

for comparison. Static oxidation after 24 h  at  800 ◦C clearly shows

the outward growth of oxides at the faces of the cubed samples.

The oxide details identification will be subject of another report to

be published later.

The shape of the curve has been commonly related to the oxi-

dation mechanisms. A linear curve between the mass gain per unit

surface area and time is normally associated with the fact that the

alloy does not form a  protective oxide film and results in contin-

uous oxidation at  a constant rate. One possibility is the localized

corrosion taking place allowing the oxidation to continuously take

place in the unprotected areas of the metal. On the other hand, the

parabolic oxidation curves are considered to  be a  result of the ions

or electrons penetrating through the oxide film, the rate controlling

process, and hence the rate of oxidation decreases continuously as

the oxide layer thickness increases. Lastly, a  logarithmic rate law

assumes that there is a transfer of electrons through the oxide film.

Oxidation process is either the movement of ions inwards into the

metal or ions moving outwards to the surface exposed to  the oxi-

dizing atmosphere. In  Cr, Co, Ni, Cu and Fe cations move outwards

in the diffusion process while in refractory metals like Nb, Ti,  Hf

and Ta, the anions O−2 move inwards [30].

3.3. Static oxidation

The results of isothermal heating at  temperatures ranging from

600 to 1400 ◦C for 12  and 24 h  is shown in Fig. 4. Curves shown

in this figure clearly indicate that mass gain per unit surface area

is more for 24  h of heating time, an,  obviously, expected behav-

ior. Fig. 4  shows a parabolic oxidation in this high entropy alloy.

Thus it  would indicate that the oxidation involves a gradual pro-

cess of oxide patch formation resulting in continuous decreasing

oxidation rate until the metal surface is  completely covered with

the oxide/oxides. Higher mass gain per unit surface area at  peri-

ods of heating time (24 h) can thus be attributed to the prolonged

diffusion process.

The authors have shown in their earlier research on Nb  alloys

that a  selective oxidation may  be prevalent at  localized grains for

a particular phase. Nature of this phase producing preferential oxi-

dation will have to  be dependent on the system. Such an evidence

in this HEA has not been observed thus far.

The effect of time of  heating to  the oxidation temperature on

the mass gain per unit area has been studied in terms of heating

rate. Fig. 5  demonstrates that the heating rate does not  appear to

be a  factor contributing to the oxidation process. However, it must

be noted that the differences in the two  heating rates, 3 and 10 ◦C

per minute, may  not be large enough to  generalize such effects.



194 S.K. Varma et al. / Journal of Materials Science &  Technology 38 (2020) 189–196

Fig. 7. X-ray mapping for the microstructures of the oxides developed at 1000 ◦C  for 24 h.  Crystals of various oxides can be  seen.

Physical shapes of the, initially cubic, alloy samples after static

oxidation are shown in Fig. 6  for samples subjected to 12 and 24 h  of

isochronal heating in a range of temperature from 600 to 1400 ◦C

when the heating rate to  the oxidation temperature was 3◦/min.

The alloy completely oxidizes beyond 1000 ◦C leaving no traces of

metal left. This was the reason why detailed microstructural study

involving the determination of the nature of  oxide–metal interface

could not be performed.

3.4. Oxide characterization

The characterization of the oxides formed in this alloy has been

initiated. Some of the preliminary results will be presented here.

Fig. 7 shows SEM results for the alloy oxidized at  1000 ◦C.  The EDS

has been used to map  out the location and morphology of the vari-

ous oxides that are formed. It must be noted from this figure that are

two separate morphologies of oxides, (a) cylindrical and (b) gran-

ular or nodular. Elemental mapping indicated that the cylindrical

shaped oxide crystals are the W and Ta oxide while nodules are

oxides of  Nb and Cr. V oxide is indicated by only a trace amount at

this temperature.

Fig. 8  shows the oxide identification for the alloy at 1200 ◦C. Dif-

ferences in the oxide morphologies include the (a) cylindrical, (b)

nodular or granular, and (c) whiskers. The cylindrical and granu-

lar oxides are identical to  those formed at 1000 ◦C.  However, the

presence of V oxide is much more noticeable at  this temperature

in whisker form. It appears that V oxide begins to  form at  temper-

atures at or above 1200 ◦C.
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Fig. 8. X-ray mapping for  the microstructures of the oxides developed at 1200 ◦C for  24 h. Crystals of various oxides can be  seen.

The HEA phases can be either BCC or FCC [2]. The BCC unit cell

may  be envisioned to be a cube containing four different types of

atoms at the corner positions on {001}  planes while fifth atom

occupies the body centered position for an HEA with 5 principal ele-

ments. On the other hand, FCC structure is such that {001}  planes

again contain 4 different atoms for the principal elements on the

corners of the cube while the 6  face centered positions are occu-

pied by the different atoms but one of the atoms would have to be

repeated in such locations. It can be, nevertheless, seen that FCC lat-

tices that are already quite densely packed with atoms are strained

still further in this proposed structural configuration. However,

either of these configurations allow us to explain the preferential

oxides formed at  the surfaces in layered structural form as  shown

in Fig. 5. The oxidation would begin to proceed at  the lattice sites

on the surface with a preferentially oxidizing atom of the metal.

It can be assumed that the atom of the fifth element in the body

centered position for BCC phase, for example, could concentrate

at the surfaces, physically, in preferred grain orientations and thus

cause the preferential oxidation of a  given element at  the surface.

The detailed experimental verification of  this hypothesis will be

presented in a follow up study.

4. Conclusions

The conclusions derived based on the studies performed are:
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(1) The Nb-Cr-V-W-Ta HEA of this study demonstrates that it is

not capable of withstanding the oxidation temperatures higher

than 1000 ◦C in air.

(2) A good oxidation resistance for this alloy has been observed at

lower temperatures, 600, 700 and 800 ◦C, for 3  days in air.

(3) Oxides of W and Ta take up cylindrical shape crystallites while

granular or nodular shapes of Nb and Cr oxides have been

observed up to 1200 ◦C.

(4) Presence of V oxide appears to initiate only at  1200 ◦C with a

whisker like morphology.
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